The correlation energies of the 1S22s2 inner cores of the first-row atoms B, C. "', Ne are found to be very different from those of the corresponding four-electron Be-like ions, B+ to Ne6+, due to the exclusion effects of the outer 2p electrons. Whereas the 2S2 correlation, E (2s2) , in the 1s22s 2 ions increases from -1.13 e V in Be to -3.2 eV in Ne6+, the 2s2 correlation in the neutral atoms decreases from -1.13 eV in Be to -0.27 eV in Ne. The many-electron theory was used for the nonempirical2s 2 calculations and included the use of the 1'12 coordinate. With these theoretical E (2s 2 ) values the correlation of a 2p electron with the 1s22s2 inner core is found to be large, "-'-1 eV. Also the 2p2 correlation comes out about -1 e V. The results show that core energies will, in general, depend strongly on the state and number of the outer-shell electrons and that intershell correlation interactions may be appreciable. Implications for ... -electron systems and the ligandfield theory of inorganic complexes are discussed.
INTRODUCTION
T HIS series of papers has been developing a theory of many-electron atoms and molecules including electron correlation effects'! Paper I systematically analyzed the correlation effects in the wavefunction and energy of a many-electron system showing the pair correlations to be by far the most important. Paper II developed methods for obtaining the pair correlations. Paper III obtains the effect of correlation on orbitals and shows them to be negligible on the Hartree-Fock part of the wavefunction. In Paper IV nonempirical calculations are carried out on the Be atom and its ions. The changes in Be H ion when it is turned into the core of Be 1 + or Be are obtained quantitatively studying the usual "neglect" of the ls2-type inner shells. The ls2 pair correlation in Be, e(ls 2 ), differs very little from e(ls2) in Be2+ or Be+. Such pair correlations are transferable. This "inner-shell" cancellation is basic to much of quantum chemistry.
Paper V gives a theoretical analysis of the changes of correlation energies in the ground states of the first-row atoms and their ions. This includes changes both with the total number of electrons N, and the nuclear charge Z. The ls2 core of Be is very much like the ls2 electrons in Be H or Be+ (Paper IV). Comparing Be+ and Be we can "cancel" out such inner cores,2 * Research supported by a grant from the National Science Foundation.
t Presented at the International Symposium of Quantum Chemistry, January 1964 at Sanibel Island, Florida.
:1: Yale University Predoctoral Fellow. § Alfred P. Sloan Fellow. 1 Papers are referred to as follows: (I) O. SinanogIu (pair versus many-electron correlations), J. Chern. Phys. 36, 706 (1962) ; (II) O. Sinanoglu (methods for pair correlations), J. Chern. Phys. 36, 3198 (1963) ; (III) O. Sinanoglu and D. F. Tuan (effect of correlation or orbitals, f.'s) , J. Chern. Phys.38, 1740 Phys.38, (1963 ; (IV) D. F. Tuan and O. Sinanoglu (Be!+, Be+, and Be), J. Chern. Phys. 41, 2677 Phys. 41, (1964 .
2 This paper deals only with changes in the correlation part of a pair of electrons. Changes in the Hartree-Fock part are well understood. e(ls2). But how far can we go with such "inner-shell cancellations?" Is the ls22s2 core of carbon the same as ls 2 2s 2 of CH? Can we put the ls22s2 f6+ ion into a F atom? Our results show that the answer is no. These cores, the 2S2 part, change drastically when we put 2p electrons on top of them. 2 The e(2s2) will be calculated nonempirically using the many-electron theory. e(2s2) drops from -1.13 eV in Be to almost zeros in nitrogen through to Ne (see Paper I). Contrary to previous empirical results,4 which show e(2s2) increasing from -1.03 eV in Be to -3.2 eV in Ne, these new e(2s2) show that e(2p---+1s22s2), the correlation of a 2p electron with the ls22s2 core of the atom, is large ~-1.0 eV. Previous results 4 gave e(2p---+1s22s2)~-O.25 eV. Also e(2p2) is about -1.0 eV and not -1.72 eV.4 "EXPERIMENTAL" CORRELATION ENERGIES OF ATOMS AND THEIR IONS From total experimental energies, Hartree-Fock (HF) energies (E HF ) and relativistic estimates (accurate to within 5%) ,4 Clementi 4 has obtained the correlation energies of atoms and ions of the first row (see also Fig. 1 ). His graphs 4 show the change in total E corr . with N number of electrons, and Z nuclear charge [see also Ref. 3(b) for some detailed graphs]. These graphs bring out three main features: (a) In the Be-like ions, Be, B+·· . Ne*, the total correlation energy increases linearly with Z. The 2S2 correlation increases with Z, not e(ls2). Linderberg and Shull 5 predicted this Z dependence from 2s-2p degeneracy in the limit of infinite Z. (b) When one 2p electron is added, ~ee (a) O. Sinanoglu, Proc. Natl. Acad. Sci. (U.S.) 47, 1217 (1961) (b) O. Sinanoglu, Advan. Chern. Phys. 6, 315-412 (1964) .
• E. Clementi, J. Chern. Phys. 38, 2248 Phys. 38, (1963 i see also L. C. Allen, E. Clementi, and H. M. Gladney, Rev. Mod. Phys. 34, 465 (1963) .
;--;--4j;---I;5---;6~-~7---,8!:---""*--"""IO. turning Be-like ions into B-like ions: total correlation energy increases by -0.35 eV in Band -0.16 eV in NeiH-. Total E eorr . still increases with Z and almost parallel to the Be-like ions. (c) There is an increase of about -1.7 eV as soon as 2p electrons pair up, e.g., (2poa2po{3). We expect such an increase.
The small increase in total E oorr• on adding a 2p electron, (b) above, naturally leads to two empirical conclusions 4 : (i) This very small increase in total E oorr . is the correlation of a 2p electron with the inner ls22s2 core; (ii) the inner core, ls 2 2s 2 , has pretty much the same correlation as the ls22s2 of the free four-electron IOn.
But 2S2 correlation is a near-degeneracy-type correlation ("nondynamical") ,3b,S very different from ls2 correlation ("dynamical"), The many-electron theory shows that these "nondynamical" pairs, in contrast to "dynamical" pairs, are very sensitive to the rest of the Hartree-Fock "sea." The total Hartree-Fock potential influences the pair of electrons ("immersion effects") and also while correlating in this sea a "nondynamical" pair is strongly prevented from making excitations to other occupied orbitals 6 ("exclusion" effects) .
On this basis we expect the 2S2 correlation to decrease from -1.13 eV in Be to about zero in nitrogen and remain about zero all the way up to neon. 3b What is the source of the apparent contradiction between 60, Sinanoglu, J. Chern. Phys. 33, 1212 (1960 electrons.
In the following sections we make detailed calculations with the many-electron theory (a) to get the correct nondynamical effects as influenced by the other electrons and the nuclear charge, (b) to see if dynami~ cal correlation in 2S2 subshells remains as small as it is in Be, and (c) to get the correct values for other pair correlations, e.g., e(2p---+1s22s2). The results resolve the discrepancy and show that the third alternative (c), mentioned above, is the one that correctly accounts for the total E eorr . trends. with CPo the HF wavefunction and x.' the correlation part so that <CPo, x.')=O. For CPo we use Roothaan's SCF orbitals. 7 x.' is
The second and higher terms in Eq. (2) 
with E'ij is the pair correlation energy and R' the three or more Coulomb correlations.
<B is the two-electron antisymmetrizer.
mij= (rij)-I-Sij+Jij,
(6)
The self-potentials S;(Xi) should be included in Sih ei, and mij. They are not shown in Eq. (7) since in the exact pair expressions Eij these self-potentials cancel out. Sj(Xi) is the Coulomb plus exchange potential of spin-orbital j acting on i, i.e.,
Iii and K"i; are Coulomb and exchange integrals. ei is (10) Ei is the HF orbital energy of i and Vi the total HF potential acting on spin--orbital i. hio is the bare nuclei Hamiltonian. For details see Paper I and Ref 3 (b) . Ui; is orthogonal to all occupied HF spin-orbitals ("exclusion" effect), i.e.,
The pair energy E'ih Eq. (5), is for a closed-shell single-determinant HF. For single-determinant nonclosed-shell HF e'i; must be re-examined because the total HF potential Vi acting on each electron is different. We do this in Appendix A and the new e'ii has almost the same form as Eq. (5) In this section we use a "near-degeneracy" type Uij to get 2S2 correlation in Be, B, C, .
•. , N e. For Be
U34= c(ffi (2P+1a2P-l{3) -<B(2p+tf32p_la) -ffi(2Poa2po{3». (15)
This gives almost all of the E(2s 2 ) in Be (Table I ; see also Paper IV1) and Be-like ions (Table II) 
Adding another 2p electron gives, in the 3 P term of carbon, In Eqs. (16) to (18) it is assumed that the "virtual" 2p orbitals taken in the U34 functions are the same as the actual occupied 2p orbitals that occur in the ground state cpo's. We calculated these nondynamical E(2s 2 ) 's in boronlike and carbonlike ions with such 2p orbitals. All the HF orbitals were generated with Roothaan's programs. The basis set was two STO's per 2p HF orbital and three STO's for each 2s or 1s (the E' 34 is insensitive to the size of the orbital basis set; e.g., in Be going from a three-STO basis to a six-STO basis changes the e'34 only by ,,-,0.01 eV; see Paper IV1).
In N(4S), O(3P), F, and Ne U34 (nondyn) =0 rigorously8 if the 2p function in U34 (nondyn) is the 2p orbital of the ground state of each atom (Paper I, p.714).1 finds that in ground state neon E(2s 2 )< -0.5 eV, in good agreement with these results.
It must be pointed out that our 1'12 calculations were not made to get really accurate results but just to see if the total E(2s 2 ) 's show the same trend as the nondynamical E(2s2). Had our purpose been to get very accurate results we would have included more terms, e.g., b('1+'2) terms to help scale our results.lO OTHER PAIRS With these nonempirical e(2s2) above, we can get the other "dynamical" and quite "transferable" (Paper IV) Eds semiempirically from the data. These again are very different from the empirical 4 ones.
In IV, E(1s 2 ) and 1SL-+2s2 intershell correlations were discussed and analyzed, and correct values for the 1s2s pairs were obtained for Z=3 to 10. Two important pairs still remain for first row atoms: (i) f:(2p--+1s22s2), correlation of a 2p electron with the ls 2 2s 2 core; (ii) f:(2p2), tight pair 2p correlation. Table III gives E(2pn--+1s22s2)+f:(2pn) i.e., the correlation of n 2p electrons with the ls22s2 core and among themselves. This is what is left after the correlation energies of the ls22s2 cores, i.e., the ones in the N-electron "medium" with the proper immersion and exclusion effects calculated above, are subtracted from the total E corr •• These new E(2pn--+1s22s2) +f:(2pn) are much larger than the previous non-theoretical ones. Below we obtain the f:(2p--+1s 2 2s 2 ) and the e(2p2) parts of these values separately.
9 N. R. Kestner, J. Chem. Phys., "2s and 2p Hole States of Ne" (to be published).
10 For a diScussion of scaling see P.-O. L5wdin, J. Mol. Spectry. 3, 46 (1959 • See Paper IV of this series for 2p function used in Be calculation, all other 2P functions from HF of (I.sI2p") states (see text).
a. E(2P-ls22s2)
In C(3P) and N(4S) all 2p electrons have parallel spins. E(2pn) is then small [Ref. 3(b) and Paper IJ. Most of E(2pn) +E(2pn~1s22s2) (Table III) is really E(2pn~1s22s2). From Table III E(2p~1s22s2) is ",,1 eV and E(2pn~1s22s2) is in the ratio 1:2:3 for n=1, 2, 3 in B, C, and N, respectively. E(2s 2 ) is very different in B, C, and N so the total E.orr• behavior which led to the previous 4 fortuitous conclusion that E(2~1s22s2) is small ~-0.25 eV (also decreasing with Z in boronlike ions)4 is accounted for by the actually large 2s-2p correlations. As expected total 2s-2p correlation is propOl·tional to the number of 2p electrons. More results below support this estimate of E(2~1s22s2) = -1 eV.
These large values of E(2~1s22s2) are also in line with: (a) From CI Donath ll gives -1.35 to -2.72 eV for the total of six E(2~1s22s2) in F-, Ne, Na+. This gives an E(2~1s22s2)~-0.35 eV in Ne, already twice the previous estimate 4 ~-0.16 eV. This is only with two configurations for 2s-2p correlation. Because of the slow convergence of CI the final E(2~1s22s2) should be at least twice Donath's value. (b) The large 2s-2p radial overlap is f R28R2pr2dr~0.92.
The 2s-2p correlation is not an "intershell effect" like E(1s-2s). -2.317 -2.477 -2.586 -2.737 -2.897 3" -3. 449 -3.533 -3.631 -3.754 a This work. Using the strong changes in Is'ls' ion cores due to exclusion effects on E (2.').
b Based on the assumption that Is'2s' ions remain the same in the neutral atoms [L. C. Allen. E. Clementi. and H. M. Gladuey, Revs. Mod. Phys. 35, 465 (1963) . To get a crude theoretical estimate of E(2~1s22s2), we mixed in the 2p term of (1s22s2p3d) configuration (double exci ta tion). The 3d function is a single Slater orbital, (r 2 e-ar ) , with the radial part pulled into the region of the 2s and 2p orbitals. This gives an E(2~1s22s2) of -0.44 eV in Band -0.76 eV in Ne5+ already larger than previous estimates 4 and we did not optimise the 3d orbital exponent nor scale the final wavefunction. lO h. E(2P2): 2p 2 Correlation Assuming E(2~1s22s2, A) =E(2~ls22s2, A+) for F, 0, Ne, and neglecting some small effects which can be estimated from a full theoretical analysis (nonclosed-shell many-electron theory; to be published) we get E(2p2)+E(2~1s22s2)=-1.72 eV (Fig. 1) . E(2~1s22s2) lies between -0.4 eV and -0.8 eV. This -0.4 eV is Donath'sll estimate and -0.8 eV is 50% of E(2~ls22s2) in Ne5+. We take E(2~1s22s2, Ne)~ !E(2~2s21s2j Ne5+) because 50% of E(2~ls22s2, Ne5+) comes from 1s22s-2p3d(2P) mixing and this configuration will not mix in N e (1 S). With these considerations we find that E(2p2) is about -1=t=0.3 eV12 less than the previous estimate 4 of -1. 72 eV.
CONCLUSIONS
The 1s22s2 cores of B, C, and Ne are very different from the 1s22s2 Be-like ion of these atoms (Fig. 1 ). E(2s 2 ) in the Be-like ion is a nondynamical pair, and unlike the "dynamical" 1S2 pair (slowly convergent CI), is drastically reduced when we turn this core into say the 1s22s2 core of the five-electron boron atom. The E(2s2) decreases from -1.13 eV in Be to -0.27 eV in Ne whereas the assumption of transferability of 1s22s2 ion into the neutral atom would have led 4 to the large value of E(2s 2 ) in Ne= -3.2 eV. These pairs are nontransferable. The r12 calculations show that the dynamical part of E(2s 2 ) remains negligible. Nonempirical calculation with e.g., o:r12, (3r12 2 , etc., are carried out easily one pair at a time. Putting r12 into the wavefunction avoids the slow convergence of CI and does 11 Three-body effects may not be totally negligible in Ne itself and Kestner (private communication) estimates them to be 1 eV in Ne. We find them to be 0.07 eV in Ne H . Differences between these effects in Ne 1 + and Ne will be much less and not important for our argument above. not lead to difficult integrals even with the inclusion of all the orbital orthogonalizations.
E(2p--+ls22s2), the correlation of a 2p electron with the ls22s2 core, is large, r-v-l eV. The nontheoretical comparison of the total Eoorr.'s of the ls22s2 ions and the neutral atoms would have led, on the other hand,4 to the conclusion that 2s-2p correlations are negligible [E(2p--+ls22s2) = -0.25 eV].4 The E(2s2) is not transferable from ions to neutral atoms and ions with more electrons. With the correct E(2s2), E(2p2) now comes out r-v-l eV and not -1.72 eV.4
Since E(2s2) is so sensitive to the occupation of the 2p shell the ls22s2 core correlation will strongly depend on the state of the atom, e.g., IS or 3p in carbon.
The core energy will also depend on ionization and on molecule formation. Thus the usual assumption of the cancellation of inner shells is not valid except for ls2. Correlation errors resulting from this assumption may be several electron volts. Such effects are being applied in this laboratory in connection with the prediction of excitation energies and molecular binding energies.
For heavier atoms, e.g., with 3s, 3p, 3d and higher d and f electrons we will find similar large exclusion effects making the inner ion cores of these atoms nontransferable. Again the usual assumption of the cancellation of inner cores will not hold. Also, as we found in the 2s-2p case above various "interorbital" correlations, e.g., between 3s and 3p, 3p and 3d, 3d and 4f, etc., electrons of the larger atoms are expected to be appreciable. A rough idea about the importance of such correlations may be obtained from the magnitudes of the radial overlap integrals, e.g., f R3dR3pr 2 dr, etc., between the radial parts of the appropriate Hartree-Fock orbitals. Such correlations may need to be taken into account in the ligand-field theory of inorganic complexes.
P34 permutes Electrons 3 and 4. 1na4 contains the self-potentials but these cancel out in Eq. (A2). e'a is like ea, Eq. (10), but V3 and Ea are from the traditional HF operators. The extra terms are differences in exchange potentials. 
w= -~(2s(3)2s(3)2s(4)2s(4)r34),
g (3) = (ls( 4) 2s( 4) r34)x4> h(3) = (2s( 4) 2s( 4)r34}x., and
The exclusion effects on 2S2 correlation and the large 2s-2p correlation found in this paper should be significant also in 1I"-electron theory. Because of these effects the a core correlation in, say benzene, will change depending on which of the 11" orbitals are occupied in the particular electronic state. In addition the large 2s-2p correlations mean that now there should be appreciable a-rr correiation I3 interaction which will also depend on state.
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